Abstract: The adaptation of cardiovascular and thermoregulatory responses to ozone (03) was examined by repeated exposure of electrocardiographic (ECG) electrode-and thermistor sensorimplanted rats to 03 for 4 consecutive days (8hrslday). Circadian rhythms of heart rate (HR) and abdominal core temperature (Tco) were disrupted on the first and second 03 exposure days in a concentration dependent manner. The 8-hr and 12-hr averaged values of HR and Tco during the exposure period and the dark post-exposure period, respectively, decreased significantly on the first and second exposure days. The decreased HR and Tco recovered to respective control values after small but significant rebound increases on the third and fourth days of 03 exposure. The adaptation of the extrapulmonary responses to 03 exposure was discussed in light of the previously reported time periods required to abolish the spontaneous breathing, biochemical, cellular, and morphological responses to 03.
Ozone (03), a ubiquitous pollutant in urban air and a potential health hazard in work environments, has been reported to cause adverse health effects on the respiratory system and its function'.
Recent studies2-5) have demonstrated that exposure of rodents to 03 produces extrapulmonary effects on cardiovascular and thermoregulatory functions and locomotor activity. While a single exposure of humans to environmentally relevant levels of 03 induces significant changes in the spirometric parameters of pulmonary functions, the repeated 03 exposure attenuates such 03-induced changes~8. Attenuation of the response magnitude, which is referred to as adaptation, is associated with a decrease in the nature and intensity of the 03 toxicity. It is not clear, however, how the 03 adaptation of the extrapulmonary responses develops, and which underlying mechanisms of the 03 adaptation are related to the biochemical, cellular, and morphological responses to repeated 03 exposure.
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The present study was intended to examine adaptations in the extrapulmonary responses of heart rate (HR) and abdominal core temperature (Tco) to repeated 03 exposure. For this purpose, conscious and unrestricted rats implanted with electrocardiographic (ECG) electrodes and a thermistor sensor were exposed daily to low levels of 03, while their HR and Tco were continuously monitored. The 03 adaptation of the HR and Tco responses was discussed in light of the previously reported 03 adaptation of spontaneous breathing as well as biochemical, cellular, and morphological responses to repeated 03 exposure9-14>, Four-week old male SPF rats of the Wistar strain were from CLEA Japan, housed in community cages in an animal colony, and supplied with food and water ad libitum. The colony was maintained at a room temperature of 24 ± 1 °C, a relative humidity of 55 ± 5%, and under a 12-hr light (8:00-20:00)/dark (20:00-8:00) cycle.
At the age of 9 weeks, the rats were surgically implanted with ECG electrodes and a thermistor sensor under pentobarbital sodium anesthesia (40 mg/kg body weight, i.p.). The ECG electrodes were implanted using a method described previously4~, and the thermistor sensor (Technoseven, Japan) was inserted into the abdominal cavity. The lead wires from the ECG electrodes and the thermistor sensor were soldered to a miniature socket that was cemented to the skull by means of dental acrylic. Each electrodeimplanted rat was housed in an individual plexiglass cage equipped with a slip-ring commutator at the top. The rats were allowed one week to recover from the surgery, during that time they were administered daily with penicillin. The six individual cages that housed the electrodeimplanted rats were placed in an exposure chamber 4 days before the 03 exposure and the polygraphic recording were begun. The size of the exposure chamber, the air-exchange rate, and the generation and regulation of 03 concentrations in the chamber were as described previously4~. The humidity, temperature, and lighting schedule in the exposure chamber were maintained at the same levels as in the animal colony. Four groups, each consisting of 9 rats, were exposed for 8 hr/day (10:00-18:00) to either filtered air, 0.1, 0.3, or 0.5 ppm 03 on 4 consecutive days. The steady-state levels of 03 were 0.096 ± 0.004, 0.309 ± 0.004, and 0.505 ± 0.006 ppm (mean ± SD), and the time periods required to raise the 03 concentrations to the steady state levels were 8, 14, and 25 min, respectively.
HR was registered as the number of ECG R waves during l0-sec intervals, and its time-series data during a 4-day period were saved on a personal computer. Bioelectrical signals from the thermistor sensor were fed into a direct current amplifier and converted into digital temperature data. Tco was registered once per minute, and its time-series data during the 4-day period were saved on another personal computer. Table, where Tco increased significantly during the dark 12-hr period following the third-and fourthday exposure to 0.3 ppm 03. Heart rate: As shown in Figure, the filtered-air exposed rats exhibited a clear circadian HR rhythm. The circadian rhythm was disrupted markedly by the first-and secondday 03 exposure in a concentration dependent manner, and the decreased HR did not recover to normal values even after the first-and second-day exposure were completed.
The results shown in The exposure time period required to abolish the HR and Tco responses to 03 was fairly coincident with that required to abolish the spontaneous breathing response, because the tachypnea of rats (e.g., increased breathing frequency and decreased tidal volume) was abolished 2 days after the start of repeated exposure to 0.5 ppm 039) On the other hand, there is a clear difference in the exposure time period required for the 03 adaptation between these HR and Tco responses and the biochemical, cellular, and morphological responses reported thus far10-'5~: significant changes in total lung capacity, residual volume, the number of neutrophiles, and several biochemical compositions of the bronchoalveolar lavage fluid of the rats exposed repeatedly to 0.5 ppm 03 did not return to their respective control values within 5 days9'10~. Enhanced glycolysis and antioxidant metabolisms in alveolar macrophages and the increased number of small size macrophages were maintained throughout continuous exposure of rats for 11 weeks to 0.2 ppm 03"D. The number of inflammatory cells (predominantly macrophages) in the lung continued to increase after a 7-day, 4-hr/day exposure of rats to 0.5 ppm 0313. The repeated exposure of rats for 6 or 14 weeks to 0.25 ppm 03 increased the pulmonary ascorbic acid concentrations in close association with 03 adaptations in breathing frequency' 3. Repeated exposure of rats for 60 days to 03 produced an abundance of ciliated cells with uniform short cilia in the tracheal epithelium14~. The terminal bronchioles of rats were thickened due to the accumulation of eosinophilic hyaline material and mononuclear cells after 7 days of exposure to 0.5 ppm 03 for 8 hr/day15~. Therefore, the following conclusion can be drawn from the results of the present study and the findings reported in the abovementioned literature: while the 03-induced tissue damage of the lung continues to progress, 03 adaptations develop rapidly in response to impairments of integrated whole-body physiological functions, including those relating to the respiratory, cardiovascular, and thermoregulatory systems, together with induction of some biochemical and cellular defense mechanisms against injury from 03. Further study is needed to explore the mechanisms behind 03 adaptations that are related to extrapulmonary responses. 
